ABSTRACT. The genus Brachiaria contains species that have great economic importance in the Brazilian agricultural sector, as they enable cattle ranching on acid and poor soils with species that are resistant to spittlebugs and form crop-livestock-forest integration systems. The genus mainly consists of tetraploid (2n = 4x = 36) and apomictic species such as B. decumbens and B. brizantha. Sexuality is found in diploid species (2n = 2x = 18) such as B. ruziziensis. Interspecific hybridization between species of interest is possible by the artificial tetraploidization of B. ruziziensis and the subsequent hybridization with genotypes of B. brizantha and B. decumbens. Therefore, tetraploidized plants have to have normal meiosis or low rates of irregularities, as well as produce viable pollen grains. The objective of this study was to compare meiosis and pollen grain viability and morphology in artificially tetraploidized B. ruziziensis with that of descendants generated from crossing and selfing. The frequency of meiotic abnormalities ranged from 4.43 to 11%, and pollen viability ranged from 61 to 85%. Abnormalities were detected from prophase I to the tetrad stage with a variable frequency between the genotypes. The meiotic behavior of the artificially tetraploidized plants was little affected, and the pollen viability of the genotypes was high. Regarding pollen grain ultrastructure, there were no variations or morphological changes in the different genotypes. The genotypes have meiotic stability and high pollen viability, and can be incorporated into Brachiaria breeding programs.
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INTRODUCTION
Brachiaria (Trinius) Grisebach [(syn. Urochloa Hochst. ex A. Rich.) R.D. Webster] is a large and diverse genus that contains approximately 100 species that are native to tropical Africa (Renvoize et al., 1996) . They have great economic importance in Brazilian agriculture, originally by enabling cattle ranching on acid and poor soils (Araújo et al., 2008) and currently for containing species with resistance to spittlebugs (Souza Sobrinho et al., 2010) and forming crop-livestock-forest integration systems (Machado et al., 2011) .
The current taxonomic limits of the genera Brachiaria and Urochloa are still undefined. Based on floral biology studies, a new nomenclature has been suggested for some species by including them in the genus Urochloa (Morrone and Zuloaga, 1992) . However, in the absence of any contrary information, Brachiaria and Urochloa are considered synonyms in this study.
The importance of these species is demonstrated by the fact that about 85% (Macedo, 2006) of the 170 million hectare-total of cultivated pastures in the country is used to grow them (Instituto Brasileiro de Geografia e Estatística, 2006). Among them, B. brizantha (A. Rich) Stapf, B. decumbens Stapf, B. humidicola (Rendle) Schweick, and B. ruziziensis Germain and Evrard are the most commercially exploited (Valle and Pagliarini, 2009) .
In addition to these aspects, a number of favorable agronomic traits has attracted attention to them as forage crops, so extensive efforts have been made to cytogenetically and genetically characterize the species for breeding. The objectives of breeding are to evaluate and select promising genotypes and efficient hybrids in terms of yield, adaptation to acid soils, nutritional value, and resistance to spittlebugs (Pereira et al., 2001; Valle et al., 2004; Souza Sobrinho, 2005) . The focus of cytogenetic characterization has been the assessment of meiotic behavior and ploidy determination. The genus mainly consists of tetraploid (2n = 4x = 36) and apomictic species such as B. decumbens and B. brizantha. Sexuality is found in diploid species (2n = 2x = 18) such as B. ruziziensis (Valle et al., 1994) .
One of the limitations of Brachiaria breeding is the ploidy difference between sexual and apomictic plants, which prevents crossings, generates a small number of hybrids, and causes sterility (Valle et al., 2004) . To overcome this problem, a promising strategy is the artificial tetraploidization of the diploid and sexual species B. ruziziensis and the subsequent hybridization with tetraploid and apomictic genotypes of B. brizantha and B. decumbens (Ishigaki et al., 2009) , in order to obtain genetic variability for the selection of superior materials (Pereira et al., 2001; Souza Sobrinho, 2005) .
Antimitotic substances, such as colchicine, which is an alkaloid that is widely used in forage species, are used in the induction of polyploidy (Pereira et al., 2012) . Several duplication studies have been conducted on Brachiaria, including on seeds germinated in vivo (Swenne et al., 1981; Timbó et al., 2014) and the in vitro culture of germinated seeds, multiple shoots (Ishigaki et al., 2009) , and basal segments (Pinheiro et al., 2000; Simioni and Valle, 2009 ). In general, successfully obtaining polyploids depends on several exogenous factors (Pereira et al., 2012) , and the use of colchicine causes side effects such as sterility, abnormal growth, chromosomal loss or rearrangement, mutations (Luckett, 1989) , and mixoploidy (Pereira et al., 2012) . These aspects should be evaluated when analyzing the degree of plant stability.
For breeding purposes, tetraploidized plants have to exhibit normal meiosis or low irregularity rates. The assessment of meiosis in tetraploidized accessions of B. ruziziensis (Risso-Pascotto et al., 2005a; Pagliarini et al., 2008) has revealed numerous abnormalities that are mainly related to irregular segregation. Furthermore, meiotic behavior is genotype-specific.
Although tetraploidized B. ruziziensis plants have been used as female parents in crosses with B. decumbens and B. brizantha (Souza Sobrinho et al., 2009) , knowledge of the regularity of male meiosis and the production of viable pollen grains is of interest, because it provides information about the viability of intraspecific crosses, which is useful for the continued breeding of artificially tetraploidized plant populations.
The objective of this study was to comparatively evaluate the viability and morphology of pollen grains and meiosis in the 'Iracema' genotype of artificially tetraploidized B. ruziziensis plants (Timbó et al., 2014) , in a B. ruziziensis genotype derived from the intercrossing of these tetraploidized plants, and in genotypes formed from the selfing of tetraploidized plants.
MATERIAL AND METHODS

Plant materials
The study was conducted using a B. ruziziensis genotype that had been artificially tetraploidized using colchicine (2n = 4x = 36) ('Iracema'; Timbó et al., 2014) , a genotype of B. ruziziensis derived from a population obtained from the intercrossing of eight tetraploidized plants ('45'), and four genotypes obtained from selfing the tetraploidized B. ruziziensis plants ('1846', '1847', '1880', and '1881') . These genotypes are part of a B. ruziziensis breeding program that is run by Embrapa Dairy Cattle, Juiz de Fora, Minas Gerais State, Brazil.
Meiotic analysis and pollen viability
Inflorescences were collected at all developmental stages, fixed in Carnoy's solution (three parts ethanol to one part acetic acid), and stored at 4°C until analysis.
For the meiotic analysis, anthers were removed from the inflorescences and slides were prepared by the squash technique and stained with 0.5% propionic carmine. The slides were evaluated under a bright-field microscope Carl Zeiss Axio LabA1 (Oberkochen, Germany), and meiotic behavior was assessed at all stages of microsporogenesis in at least 1000 meiocytes per genotype.
For pollen viability, the procedures used were similar to those for the meiotic analysis, except that we used a stain according to Alexander (1980) . After 24 h of exposure to the stain, 1000 pollen grains per genotype were counted. Pollen grains were considered viable if they were purple and without deformities, and inviable if they were stained green. The percentage of viable pollen was then calculated.
Scanning electron microscopy
The inflorescences that had been fixed in Carnoy's solution (three parts ethanol to one part acetic acid) were washed three times for 10 min in cacodylate buffer and post-fixed in osmium tetroxide for 1 h at room temperature. The anthers were then washed three times in distilled water and dehydrated in an acetone gradient (25, 50, 75, 90 , and 100% for 10 min each). Subsequently, they were subjected to critical point drying (Bal-Tec CPD 030, Schalksmühle, Germany). Upon completion of the drying, with the aid of a stereomicroscope, the anthers were cut in order to release the pollen grains, which were mounted on stubs and sputter-coated with gold (Bal-Tec SCD 050, Schalksmühle, Germany). The analyses were performed using a LEO EVO ® 40 scanning electron microscope (Carl Zeiss AG Oberkochen, Germany), and the pollen grains' morphology was classified based on Erdtman (1986) .
RESULTS
The analysis of meiotic behavior confirmed the maintenance of tetraploidy (2n = 4x = 36) in all genotypes. The frequency of meiotic abnormalities ranged from 4.43 to 11%, and pollen viability ranged from 61 to 85% (Table 1) . Abnormalities were observed from prophase I to the tetrad stage (Table 1) at variable frequencies in the genotypes. The genotype 'Iracema' had the highest rate of abnormalities (11%); however, its percentage of pollen viability was high (85%) ( Table 1 ). The abnormalities observed in 'Iracema' were mainly detected at meiosis I, with the formation of multivalents at diakinesis (11.5%) and non-oriented chromosomes at metaphase I (28.7%). At meiosis II, abnormalities were found at metaphase II (22.2%) and micronuclei were observed at the tetrad stage (3.05%) (Table 1 and Figure 1 ). Genotype '45', which resulted from intercrossing eight tetraploidized plants, had 9% meiotic abnormalities and 80% pollen viability (Table 1) . Multivalent configurations were observed in about 7% of the 697 cells analyzed. We also observed non-oriented chromosomes at metaphase I (15.7%) and II (18.2%), delayed chromosomes/chromatids at telophase I (26.7%) and II (8.2%), and micronuclei in the tetrad stage (3.59%) (Table 1 and Figure 1) .
In genotype '1846', which resulted from selfing tetraploidized B. ruziziensis plants, abnormalities (10.51%) extended from metaphase I to the tetrad stage (Table 1) , and the pollen viability was 61%. Abnormalities in the orientation of chromosomes and chromatids at metaphases I and II were recorded in 20 and 24%, respectively, of the cells examined, and chromosomes with irregular segregation were quantified at a frequency of 30.4% at anaphase I. At telophase II and the tetrad stage, irregularities were detected in approximately 11% of the meiocytes analyzed (Table 1 and Figure 1) .
The other three genotypes ('1847', '1880', and '1881'), which were also derived from selfing tetraploidized B. ruziziensis plants, had 7.5, 6.43, and 4.43% abnormalities, respectively, and 77, 84, and 73% pollen viability, respectively. In genotype '1847', abnormalities were observed at prophase I, with a multivalent formation at diakinesis in 8.7% of the meiocytes; at metaphase I, with non-oriented chromosomes in 19.7% of the meiocytes; and in the tetrad stage, with micronuclei in 3.18% of the meiocytes (Table 1 and Figure 1 ). In genotype '1880', the main meiotic abnormalities were related to irregular orientation and the segregation of chromosomes/chromatids at metaphases I (16.7%) and II (14.93%), anaphases I (31.3%) and II (18.8%), and telophase I (11.6%), resulting in the formation of micronuclei in the tetrads (4.26%) (Table 1 and Figure 1 ). In genotype '1881', 4.4% of the meiocytes at diakinesis exhibited multivalent pairing, 11 and 10% of metaphases I and II, respectively, exhibited non-oriented chromosomes/chromatids on the equatorial plate, and 4% of the tetrads had micronuclei (Table 1 and Figure 1) .
Regarding the pollen grain ultrastructure, the pollen grain aperture was classified as rounded, with a circular ambit that was located in the polar region, and was ulcerate and monoaperturate (Figure 2A and B) . In terms of ornamentation, the exine was psilate to scabrate ( Figure 2C and D) . There were no variations or morphological changes in the different genotypes studied. 
DISCUSSION
Our observations corroborate those in other species of Brachiaria, which have revealed that most have meiotic abnormalities, particularly those related to irregular chromosome segregation (Mendes-Bonato et al., 2002a , 2006a Risso-Pascotto et al., 2003 , 2006 Pagliarini et al., 2008) . Nevertheless, the meiotic behavior of artificially tetraploidized plants in this study was little affected when compared to the B. ruziziensis plants examined by Risso-Pascotto et al. (2005a) , which exhibited abnormalities in more than 50% of the meiocytes. Pagliarini et al. (2008) reported a low frequency of meiotic abnormalities (5.2 to 9.7%) in five accessions of artificially tetraploidized B. ruziziensis plants.
The percentage of abnormalities observed in this study is similar to that found by Pagliarini et al. (2008) in diploid accessions of B. ruziziensis, who reported that the mean value of abnormalities per accession varied from zero to 24.46%. This suggests that artificial tetraploidization had no drastic effects on microsporogenesis in the genotypes evaluated.
Even with a frequency of abnormalities that exceeded that of its offspring (11%), the 'Iracema' genotype had high pollen viability (85%). There are several explanations for this result. One is that non-oriented chromosomes/chromatids, or those with irregular segregations that reached the poles of the cell at an early or late stage, may have been included in the nuclei in telophase II and the tetrad stage, where they formed normal meiotic products. Another possibility is that meiocytes with a high rate of abnormalities undergo apoptosis, which could be a strategy to eliminate non-functional pollen grains. Evidence of scheduled cell death during microsporogenesis has been found in B. brizantha (Daniela et al., 2005) and in a hybrid of artificially tetraploidized B. ruziziensis and B. brizantha plants (Fuzinatto et al., 2007a) . In both cases, the effects were dramatic and resulted in male sterility (Daniela et al., 2005; Fuzinatto et al., 2007a) . The high pollen viability and absence of events indicating apoptosis, such as condensed or fragmented nuclei and degenerated microspores, support the first explanation.
The observation of non-oriented chromosomes at metaphase I with different frequencies in the genotypes of tetraploidized B. ruziziensis plants may have resulted in the univalents observed at diakinesis, which usually have irregular orientation and segregation. If these chromosomes were not incorporated into the dividing nuclei, they may have been responsible for the formation of micronuclei at the telophase and tetrad stages. Irregular chromosome segregation has also been reported in accessions of artificially tetraploidized B. ruziziensis plants (Risso-Pascotto et al., 2005a; Pagliarini et al., 2008) , and typical polyploid abnormalities have been reported in other species of Brachiaria, including B. decumbens (Mendes-Bonato et al., 2002b) , B. brizantha (Mendes-Bonato et al., 2002a) , B. jubata (Mendes-Bonato et al., 2006a) , and interspecific hybrids (Risso-Pascotto et al., 2005b; MendesBonato et al., 2006b ). According to Mendes-Bonato et al. (2009) , the frequency of irregular chromosome segregation varies among accessions and species, and the same authors reported the formation of polyads with unbalanced microspores at the end of meiosis in tetraploidized genotypes of Brachiaria (Mendes-Bonato et al., 2009) . Similarly, in artificially tetraploidized B. ruziziensis plants, Risso-Pascotto et al. (2005a) reported several abnormalities related to genome fractionation, multiple spindles, and cellularization, which resulted in the formation of polyads. The genotypes evaluated in this study did not exhibit these types of abnormalities in the tetrads. Despite the occurrence of irregular segregation and the formation of micronuclei in the tetrads, the high viability of the pollen grains indicates the formation of balanced gametes.
The pollen viability of the genotypes was high (except for genotype '1846'), and ranged between 73 and 85%. Souza et al. (2002) stated that pollen viability is considered high if above 70%. Therefore, according to Souza et al. (2002) , the pollen grain viability of genotype '1846' was low (61%). Although this value is higher than that obtained by Risso-Pascotto et al. (2005a) in tetraploidized B. ruziziensis plants (38.6%), successful crossings partly depend on fertile pollen grain donors. In hybridizations using accessions of tetraploidized B. ruziziensis plants with a high percentage of meiotic abnormalities, the hybrids also exhibited a high frequency of abnormalities and could not be advanced to cultivar development (Fuzinatto et al., 2007b; Adamowski et al., 2008) . Therefore, among all of the plants evaluated in this study, genotype '1846' should be the least likely to be used as a male parent in breeding programs.
Considering pollen grain ultrastructure, the artificially tetraploidized B. ruziziensis genotypes exhibited no change in external morphology, i.e., the induction of chromosome doubling using colchicine caused no secondary effects. The degree of plant complexity can be measured by the number of apertures (colpi) in the pollen grain, because a large number of colpi increases the probability of the successful emergence of the pollen tube, and consequently increases the probability of fertilization (Miranda and Andrade, 1990) . Similarly, exines with perforated ornamentation facilitate more efficient pollination strategies (Rudall, 1980; Miranda and Andrade, 1990) . However, the tetraploidized Brachiaria species only had one aperture (monoaperturate) in the polar region, and the exine did not exhibit perforated ornamentation according to the classification proposed by Erdtman (1986) . Pollen grain characterization and viability assessment can supplement basic biological data that characterize genotypes and support taxonomic and evolutionary studies.
In conclusion, successful duplication and the occurrence of abnormalities varied between genotypes and species, indicating that the genotypes evaluated exhibited meiotic stability and high pollen viability, and can be incorporated into Brachiaria breeding programs. These genotypes can be used as parents in crosses with other compatible genotypes carrying desirable agronomic traits. Regarding pollen grain ultrastructure, no variations or morphological changes were observed in the different genotypes.
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